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1X-Ray and Neutron Science, Niels Bohr Institute, University of Copenhagen, DenmarkABSTRACT Structural and functional aspects of high-density lipoproteins have been studied for over half a century. Due to the
plasticity of this highly complex system, new aspects continue to be discovered. Here, we present a structural study of the
human Apolipoprotein A1 (ApoA1) and investigate the role of its N-terminal domain, the so-called globular domain of ApoA1,
in discoidal complexes with phospholipids and increasing amounts of cholesterol. Using a combination of solution-based
small-angle x-ray scattering (SAXS) and molecular constrained data modeling, we show that the ApoA1-1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC)-based particles are disk shaped with an elliptical cross section and composed by a central
lipid bilayer surrounded by two stabilizing ApoA1 proteins. This structure is very similar to the particles formed in the so-called
nanodisc system, which is based on N-terminal truncated ApoA1 protein. Although it is commonly agreed that the nanodisc is
plain disk shaped, several more advanced structures have been proposed for the full-length ApoA1 in combination with POPC
and cholesterol. This prompted us to make a detailed comparative study of the ApoA1 and nanodisc systems upon cholesterol
uptake. Based on the presented SAXS analysis it is found that the N-terminal domains of ApoA1-POPC-cholesterol particles are
not globular but instead an integrated part of the protein belt stabilizing the particles. Upon incorporation of increasing amounts of
cholesterol, the presence of the N-terminal domain allows the bilayer thickness to increase while maintaining an overall flat
bilayer structure. This is contrasted by the energetically more strained and less favorable lens shape required to fit the SAXS
data from the N-terminal truncated nanodisc system upon cholesterol incorporation. This suggests that the N-terminal domain
of ApoA1 actively participates in the stabilization of the ApoA1-POPC-cholesterol discoidal particle and allows for a more optimal
lipid packing upon cholesterol uptake.INTRODUCTIONApolipoprotein A1 (ApoA1) is one of the most abundant
proteins in the human plasma and plays a vital role in the
reverse transport of cholesterol in the human body. The
general properties of human apolipoproteins have been
studied for several decades (1), but focus has been on the
most abundant ApoA1 with regard to both structure and
function. ApoA1 has been found to form initial disk-shaped
particles, so-called pre-HDL (high-density lipoprotein) par-
ticles, when associated with phospholipids and cholesterol
(2). These disk-shaped pre-HDL particles have been re-
ported to consist of a central lipid bilayer and two
ApoA1 molecules located on the bilayer perimeter and
screening the hydrophobic tails of the lipids (3,4) (see
Fig. 1). Further downstream in the cholesterol metabolism,
these discoidal pre-HDL particles mature into larger and
more spherical HDL particles by uptake of triglycerides
and esterification of cholesterol. Experiments suggest that
these contain three ApoA1 molecules in their minimal
form (5).
An inverse relationship between HDL levels and the risk
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(6,7). Furthermore, HDL levels are also implicated in dia-
betes mellitus, where HDL becomes dysfunctional and loses
its antiatherogenic properties and turns proatherogenic (8).
New studies have even shown direct coupling with HDL
levels and the innate immune system (for a recent review
see Azzam et al. (9)) and that infusion of synthetic HDL
can induce regression of atherosclerotic plaques (10). In
combination with the latest statistics from the U.S. national
vital report, which show that cardiovascular disease is still
the main cause of death in the United States (11), it is clear
that further studies and understanding of ApoA1 HDL par-
ticles are highly relevant.
In addition, there has been a renewed interest in the dis-
coidal ApoA1-based particles during the last decade due
to the development of the ApoA1-derived nanodisc system
into a platform for handling and studying membrane pro-
teins (12,13). This has sparked new structural methods
and better data analysis procedures, allowing for a much
more detailed structural description of the different variants
of ApoA1 (3,14) and similar systems (15).
One of the remaining questions to be answered regarding
the structure of the ApoA1 protein in the discoidal state
is the role of the 43 amino acids that form the N-terminal
of the protein. The N-terminal part of ApoA1 is encodedhttp://dx.doi.org/10.1016/j.bpj.2015.06.032
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literature it is often referred to as the globular domain of
ApoA1. It has been shown that it is possible to remove the
N-terminal domain from ApoA1 and still form well-defined
disks when reconstituting these with phospholipids (3,12).
This has provided the basis for the so-called nanodisc tech-
nology (17) and leaves the function of the N-terminal
domain as not yet fully understood. It has been speculated
to be important for the activity of lecithin:cholesterol acyl-
transferase, but somewhat conflicting results are found in
the literature (18,19). A recently published crystal structure
of C-terminal truncated lipid-free ApoA1 along with deute-
rium exchange studies on full-length ApoA1 has shown that
the N-terminal domain has a well-defined structure in
ApoA1 monomers and homodimers (14,20) and that the
fold of the N-terminal domain in the crystal structure is
not globular, but exhibits an amphipatic helical fold very
similar to the rest of the protein. The finding of a potentially
well-defined fold of the N-terminal domain also explains
why destabilizing mutations in this area can promote prote-
olysis and subsequent amyloid formation (21) of ApoA1.
These findings prompted us to investigate the role of the
N-terminal upon cholesterol uptake in ApoA1-phospholipid
disks, and whether it indeed forms a globular-shaped
domain on the perimeter of the disk.
As a central part of our studies, we have carefully evalu-
ated to what extent the discoidal structure previously
observed for the particles formed in a cholesterol-free
version of the N-terminal truncated ApoA1 prepared with
phospholipids (so-called nanodiscs) (3,12) is also valid for
the full-length ApoA1-based phospholipid particles upon
cholesterol uptake. The necessity of this evaluation was
prompted by the previous suggestions of the picket fence
model (22), solar flare model (23), and the double superhe-
lix model (24–26). These three models have been disputed
for the lack of compliance with basic thermodynamic
considerations together with other experimental findings
(27,28). A central reason why we fundamentally question
the derivation of the recently proposed double superhelix
model is that it is a very unconstrained and at the same
time quite complicated model, refined from a set of small-
angle neutron scattering data, which clearly do not have
the resolution and information contents required for such
a detailed refinement. In contrast, our slightly later deriva-
tion of the structurally more simple elliptical disk model,
in the very similar nanodisc system (3,29) was based on
combined x-ray and neutron scattering data, along with
molecular information, which in combination provided a
much stronger basis for the refinement. Furthermore, the
elliptical disk model also complies with basic energetic
considerations (3).
The structural studies presented in this work were per-
formed using size exclusion chromatography (SEC) and
synchrotron-based small-angle x-ray scattering (SAXS).
A previously developed molecular constrained approachwas used as a basis for the data analysis (3,29,30) and
further developed to allow the analysis of the ApoA1 sys-
tem. We find that the elliptical disk model for the particles
formed with ApoA1, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), and cholesterol is consistent
with both the obtained SAXS data and with the general mo-
lecular constraints of the system including the chemical
composition, partial specific molecular volumes of the mo-
lecular constituents as well as the packing parameter of
POPC. The elliptical disk shape with the ApoA1 located
at the rim of a central lipid bilayer disk is conserved
upon cholesterol incorporation throughout the studied
range for both the systems based on full-length and
N-terminal truncated ApoA1. Based on this conclusion,
we did not find it relevant to evaluate the more complex
and less constrained double superhelix model (24) against
the experimental data.
The investigation of the role of the N-terminal domain
upon incorporation of cholesterol into the central lipid
bilayer of the disks, shows that the N-terminal domain plays
an indirect but nevertheless central role in stabilizing the
formation of the discoidal structure when large amounts of
cholesterol are added. Our data show that the full-length
ApoA1 can incorporate a larger amount of lipids in its lipid
core. Furthermore, it is observed that the lipid bilayer in the
full-length ApoA1 particles swell in a way that allows for
conserving an overall flat bilayer, whereas the bilayer in
the truncated ApoA1 particles are deformed into lens-
shaped disks upon incorporation of high amounts of choles-
terol. As the bending rigidity of the lipid bilayers is known
to be very high, the first structure is expected to be more
thermodynamically favorable for the lipid bilayer part of
the particles. Interestingly, our data also show that the lipid
packing in terms of maintaining nearly constant POPC areas
per headgroup is more favorable in the full-length ApoA1
disks, suggesting that the N-terminal domain plays an indi-
rect, but nevertheless central and functional role in the over-
all stabilization of the disks.MATERIALS AND METHODS
Modeling of SAXS data
For the purpose of analyzing our SAXS data, the model for flat disk-like
structures described in previous publications (3,29) was generalized to
allow for adopting a more rounded lense-like shape as illustrated in
Fig. 1. A similar model was also applied in a recent study from our group
(31). The phospholipid bilayer has been split into three separate parts based
on their scattering properties; each of these is included in the model as a
geometrical slab with the cross section of a flat elliptic cylinder (see
Fig. 1). The geometry of the curved bilayer slabs required for the lense-
shaped particles is computed as a so-called elliptical cap. The relative vol-
umes of these slabs were computed from the POPC chemical stoichiometry.
In the cholesterol-free system this yields that roughly 25% of the volume of
the molecule can be regarded as headgroup, 66% as CH2-groups, and the
remaining 9% as CH3-groups—see Skar-Gislinge et al. (3) for details.
The protein belts encircling the bilayer patch were in turn modeled as anBiophysical Journal 109(2) 308–318
FIGURE 1 (Upper left) Structural representation
of the ApoA1-POPC-cholesterol particles with the
different parts shown in different colors. (Upper
right and lower panels) Schematic visualization
of the model employed in the modeling with the
different structural parameters noted.
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various objects were easily computed using standard form factor expres-
sions (32) in combination with a generalization of the derivations by
Kaya (33) regarding the description of the elliptical caps to describe the
curved bilayer. The introduction of the lense shape turned out to be neces-
sary to describe the data from the ApoA1-Trunc system but not the ApoA1
system. Although the effect of this additional symmetry break of the model
could most likely also have been obtained by other means, e.g., through
introduction of saddle-splay deformations, the appearance of a lense shape
introduces only one more fit parameter and is furthermore in good accor-
dance with an expected pinching effect at the rim of the disks due to inter-
actions between the lipid bilayer and the ApoA1-protein (34). We refer to
the literature for more elaborate discussions on out-of-plane geometry of
lipid bilayers (34,35). The histidine tags of truncated ApoA1 protein as
well as the N-terminal domain of ApoA1 were modeled as Gaussian
random chains in agreement with previous findings (3). In short, the
following parameters were refined from the absolute scale fits to the
small-angle scattering data sets:
 The total height of the hydrophobic bilayer at the rim of the protein belts,
hr.
 The height of the hydrophobic bilayer at the center of the disk, hc.
 The partial specific molecular volume of the belt protein, np.
 The partial specific molecular volume of POPC, nl.
 The number of lipids per disk, nl.
 The ratio between the axes of the bilayer patch, rx/ry.
 The radius of gyration of one of the histidine tags of the truncated ApoA1
protein or the globular domain of ApoA1, rg.
Furthermore, a term accounting for the roughness of the various surfaces
(36) was refined along with a constant background. As mentioned previ-
ously, the data were fitted on absolute scale. The height of the protein belts,
hb, were fixed at 24 A˚ in accordance with previous findings (3). The refined
values of the partial specific molecular volumes were in good accordance
with previously published values (3). Solutions with refined values devi-
ating significantly from these values were deemed unphysical.
From the parameters of the model, the entire geometry (and therefore the
scattering) of the model can be computed. The scattering length densities of
the various geometrical objects were computed by systematically incorpo-
rating molecular constraints derived from the corresponding chemical com-
positions, which can be found in the Supporting Material, Table S1. This
allows for minimizing the number of refined parameters per data set. The
number of good parameters in each data set was computed (37) and found
to be well above the number of free parameters fitted to the data sets in this
study. The model was implemented in our small-angle scattering analysis
framework, WillItFit, which is described in a recent publication (30). The
software is open source and available online via Sourceforge.Biophysical Journal 109(2) 308–318Experimental methods
Purification of ApoA1
Proper purification of the ApoA1 is central for the reproducibility of the ex-
periments and the quality of the small-angle scattering data. The protocol
presented here consists of four orthogonal purification steps and routinely
produces pure ApoA1 with no visible contaminant bands on sodium do-
decyl sulfate polyacrylamide gel electrophoresis (data not shown). This pu-
rification strategy is a variation on the procedures described by Gan et al.
(38) and Whorton et al. (39).
Expired human sera were thawed and 1.0 M CaCl2 were added to yield a
final concentration of 10 mM. After gentle stirring for 2 h at room temper-
ature, the fibrin clot was removed by centrifugation (6000 g, 20 min). The
clarified sera was diluted 1:5 in Cibacron Blue binding buffer (50 mM Tris-
HCL pH 8.0, 1 mM CaCl2, 3 M NaCl, 5 mM EDTA) and applied to 100 ml
Cibacron Blue F3GA-agarose beads (BioRad). This was left to bind for
2–4 h at room temperature with gentle stirring. The Cibacron Blue beads
were packed into a gravity flow column and washed extensively with the
Cibacron Blue binding buffer. The beads were subsequently washed with
Cibacron Blue binding buffer without NaCl (2  100 ml) and eluted in
the same buffer containing 10 mM of Sodium Cholate. All subsequent pu-
rification steps were then performed at 4C. The eluate was dialyzed over-
night into Q dialysis buffer (25 mM Tris-HCl pH 8.0, 1 mM CaCl2, 5 mM
EDTA, 0.2% Triton X-100). This was applied to Q sepharose (GE Health-
care) and eluted with Q buffer (20 mM Tris-HCl pH 8.0, 1 mM CaCl2,
5 mM EDTA, 0.1% Triton X-100) with a gradient of 0–1 M NaCl. The frac-
tions containing ApoA1 were dialyzed overnight in SP dialysis buffer
(100 mM Potassium Acetate pH 5.0, 1 mM EDTA, 0.1% Triton X-100).
This was applied to SP sepharose (GE Healthcare) and eluted with SP
buffer (25 mM Potassium Acetate pH 5.0, 1 mM EDTA, 0.1% Triton
X-100) with a gradient of 0–1 M NaCl. Fractions containing ApoA1
were concentrated and applied to a Superdex 200 10/300 GL (GE Health-
care) equilibrated in size exclusion buffer (20 mM HEPES-NaOH pH 8.0,
100 mM NaCl, 1 mM EDTA, 20 mM Cholate). The fractions containing
ApoA1 were checked for purity and concentrated to 5–15 mg/ml and stored
at 80C until further use.
Expression and purification of truncated ApoA1
(ApoA1-Trunc)
The ApoA1-based belts without the globular domain used in this study are
the Membrane Scaffold Protein 1 D1 (MSP1D1) developed by Sligar et al.
(17). It is comprised of the 189 C-terminal amino acids from the full length
ApoA1 protein and an added His-tag and TEV site in the N-terminal. For
the ease of reading it is referred to as ApoA1-Trunc in this text. The proto-
col used here to purify the ApoA1-Trunc protein is a variant on the protocol
SAXS Studies of Human ApoA1 Particles 311previously published for the purification of the recombinant membrane
scaffold protein (MSP) constructs (17). This protocol routinely produces
pure ApoA1-Trunc with no visible contaminants present on sodium dodecyl
sulfate polyacrylamide gel electrophoresis (data not shown).
Briefly, Escherichia coli BL21 DE3 cells were grown in TB media at
37C and induced with 1 mM IPTG final concentration at OD (600 nm)
0.6–0.8 for 4 h. The cells were resuspended in 20 mM phosphate buffer,
pH 7.4, and 1% Triton X-100 with 3 ml of buffer to 1 g of cells. These
were opened by sonication. Cell debris was pelleted by centrifugation
(mild or ultracentrifugation). A Ni-NTA column (1 ml resin for 10–25 mg
ofMSP) was equilibrated in 40mMphosphate buffer, pH 7.4, and 1%Triton
X-100, and the supernatant applied to the column. The column was subse-
quently washed in sequence in 3–5 column volumes of buffers containing:
Wash buffer 1: 40 mM Tris-HCl pH 8.0, 0.3 M NaCl, and 1% Triton
X-100.
Wash buffer 2: 40 mM Tris-HCl pH 8.0, 1.0 M NaCl, 50 mM Sodium
cholate, and 20 mM Imidazole.
Wash buffer 3: 40 mM Tris-HCl pH 8.0, 0.3 M NaCl, and 50 mM
Imidazole.
ApoA1-Trunc was eluted from the column with 40 mM Tris-HCl pH 8.0,
300 mM NaCl, and 400 mM Imidazole. The protein was dialyzed against
20 mM Tris pH 7.4 and 100 mM NaCl. ApoA1-Trunc was subsequently
concentrated, lyophilized, and frozen until further use.
Disk assembly
Disks were assembled as previously described (12). Briefly, POPC obtained
from Avanti Polar Lipids was dissolved in chloroform with varying
amounts of cholesterol and dried under a stream of nitrogen. This was
rehydrated in buffer containing 20 mM Tris-HCl pH 7.5, 100 mM NaCl,
and 100 mM Sodium Cholate and mixed with purified ApoA1 or ApoA1-
Trunc to a final concentration of 10 mM of POPC and a lipid/protein ratio
of 90:1. The solution was left to incubate for 1–2 h at 10C, and Amberlite
(Sigma) was added to remove the cholate. This was left to stir for 2–3 h at
10C and applied to a Superdex 200 10/300 GL (GE Healthcare) preequili-
brated in 20 mM Tris pH 7.4 and 100 mM NaCl at 4C. Peak fractions was
collected, concentrated, and brought to synchrotron radiation facilities for
measurement within 72 h.
Collection of SAXS data
SAXS data from the disks were obtained at beamline BM29 at the European
Synchrotron Radiation Facility (ESRF), situated in Grenoble, France. For
all experiments, 12.5 keV x-rays and a sample to detector distance of
2.867 m was used. For each measurement ~20 mL of sample with a
280 nm absorbance of ~1–4 was loaded using the temperature-controlled
sample changer robot at the beamline and flowed during the measurements
(10 1 s measurements) to avoid effects of radiation damage in the
collected data. The samples were measured at 10C. For each SAXS data
set, the 10 measured frames of the sample and the buffer background
were automatically azimutally averaged and then averaged over the full
10 frames. The data were then background subtracted and normalized using
the available software suite BsxCuBE at the beamline (40). This produced
data with the scattering intensity, IðqÞ, as a function of the scattered mo-
mentum transfer, q, defined as q ¼ 4p sinðqÞ=l, where q is the scattering
angle, and l is the wavelength of the incoming radiation. Absolute scale
calibration was done using bovine serum albumin as a secondary standard.
Real space representations, in terms of the so-called pair-distance distribu-
tion functions, p(r), of the SAXS data, were obtained using the online anal-
ysis program BayesApp (37) (www.bayesapp.org).
Phosphate analysis
To directly determine the protein/lipid ratio of the formed disks, phosphate
analysis was performed using a modified version of a previously published
protocol (41). 10 mL disk sample from the SAXS measurements was added
to 400 ml Perchloric acid and heated to 180C for 30 min. The sample wasleft to cool to room temperature and 4 ml of molybdate reagent (2.2 g
(NH4)6Mo7O24$H2O, in 14.3 ml H2SO4 and subsequently diluted in 1 L
of H2O) was added. After vortexing, 500 ml ascorbic acid was added and
the mix was left for 10 min at 80C. The samples were put on ice, absorp-
tions of the formed molybdate/phosphate were measured at 812 nm on an
Ultrospec 1100 pro (Amersham Biosciences) and compared with a standard
curve of samples with known phosphate content. Using the absorbance at
280 nm of ApoA1 and ApoA1-Trunc, the numbers were converted to num-
ber of lipids per disk.RESULTS
SEC data
Gelfiltration of the samples of ApoA1 and ApoA1-Trunc re-
constitutedwith POPC and increasing amounts of cholesterol
resulted in the chromatograms plotted in Fig. 2. A visual in-
spection of the SEC data from the ApoA1-based particles
(upper plot) reveals that the majority of the protein elutes
in a nice symmetrical peak around 13 ml, corresponding to
the expected retention volume of formed disks. A shoulder
peak is however seen at an earlier retention volume of
11.5 ml. This shoulder corresponds well with previous find-
ings that ApoA1 can make different sized particles when
associated with lipids (42). Finally, a small peak appears
around the exclusion limit of the column (8 ml) when very
high amounts of cholesterol are added. From the chromato-
gram, it is also clear that the used column has enough
resolving power to separate the peak at 13ml, which contains
the particles of interest, from the rest of the formed particles.
The SEC chromatograms from the ApoA1-Trunc-based
particles initially exhibit the same major peak centered be-
tween 13 and 14ml as theApoA1-based particles. It is notice-
able that even without cholesterol added, the peak is not as
symmetrical as the one from the ApoA1 particles, but ex-
hibits a tail all the way to the exclusion limit of the column
(8 ml). Furthermore, the shoulder peak observed for the
ApoA1 particles at 11.5 ml is no longer visible with the res-
olution of the used column. This corresponds well with the
finding that removing the N-terminal domain from ApoA1
makes the assembly of a single particle speciesmore efficient
(12,43). It is also evident from the growth of the peak at 8 ml
that as more cholesterol is added to the self-assembling
mixture, larger particles start to appear.At 16.7%cholesterol,
the particles taken out for the SAXS analysis are only one of
multiple different particles formed during the self-assembly.
This breakdown is somewhat expected because lipid bilayers
are greatly perturbed at large fractions of cholesterol (44).
These SEC chromatograms directly demonstrate the effect
of the N-terminal domain in preventing the formation of
larger particles at high contents of cholesterol.Phosphate analysis
To directly evaluate the number of phospholipids incorpo-
rated into the particles, the samples containing 0–9.1%Biophysical Journal 109(2) 308–318
FIGURE 2 Gelfiltration profiles of ApoA1 (top) and ApoA1-Trunc (bot-
tom) reconstituted with POPC and increasing amounts of cholesterol. All
the traces have been normalized to the same area under the graph. The frac-
tion subsequently used for the SAXS studies has been highlighted with a
gray background.
FIGURE 3 Analysis of lipids per particle in the range of 0–16.7% choles-
terol as found by phosphate analysis and as found through the SAXS anal-
ysis. Data for the ApoA1-Trunc particles are shown in red-yellow and the
data for ApoA1-based particles are shown in blue-green.
312 Midtgaard et al.cholesterol had their amounts of POPC determined by phos-
phate analysis (see Materials and Methods section for de-
tails). The results are summarized in Fig. 3. Generally, it
is observed that the ApoA1-based particles contain signifi-
cantly more POPC molecules than the ApoA1-Trunc-based
particles, typically 20–30 POPC more per ApoA1 particles
than in the comparable ApoA1-Trunc-based particles. As
the phospholipid to belt stoichiometry was the same in allBiophysical Journal 109(2) 308–318the reconstitution mixtures and only the amount of choles-
terol increased, this shows that the N-terminal domain of
ApoA1 plays a role for the capacity for lipid uptake of
ApoA1. In both the ApoA1 and ApoA1-Trunc particles, it
is furthermore observed that as more and more cholesterol
is incorporated, the phospholipids are to a larger and larger
extent displaced. This is in good agreement with previous
findings that cholesterol at the tested molar ratios is incorpo-
rated into the particles in the same ratio as was present in the
initial mix (45), and demonstrates together with the SAXS
data analysis (see later) that the cholesterol is indeed incor-
porated into the particles in this study.Initial data treatment and visual inspection of the
SAXS data
SAXS data from ApoA1-POPC-cholesterol particles
The SAXS data obtained for the ApoA1-based particle se-
ries are plotted in Fig. 4. First, it is noted that a plateau is
observed at low q in the so-called Guinier region. This indi-
cates a nonaggregated sample, which is an optimal starting
point for the subsequent data analysis. All x-ray scattering
patterns have a characteristic oscillation with a local mini-
mum around 0.06–0.07 A˚1 at all cholesterol concentra-
tions. This scattering behavior has been reported before
for ApoA1-Trunc disks with 1,2-dilinoleoyl-sn-glycero-
3-phosphocholine, 1,2-dipalmitoyl-sn-glycero-3-phospho-
choline, and POPC (3,43). The oscillation arises from
the complex contrast situation, where the protein on the
FIGURE 4 Top: SAXS data from particles consisting of ApoA1 protein,
POPC, and increasing amounts of cholesterol. The colored points show the
data and the black lines the model fits. The individual data sets are scaled
relative to each other for clarity. The two vertical lines are a visual help
to see the minima moving as a function of added cholesterol. Bottom:
Plot of the corresponding p(r) functions, revealing approximately the
same dimensions for all the particles. An insert is shown emphasizing the
inherent uncertainty when using the BIFT-algorithm to assess Dmax.
SAXS Studies of Human ApoA1 Particles 313perimeter of the disk and the phospholipid headgroups have
a positive excess scattering length densities, whereas the
phospholipid alkyl chains have a negative excess scattering
length density. It is also noticeable that the scattering pat-
terns are very similar for all cholesterol concentrations.The minima found at 0.06 A˚1 moves toward slightly higher
q values when more cholesterol is added, ending at 0.07 A˚1
for the particle containing 16.1% cholesterol. The system-
atic change is a strong indication that the cholesterol in
the self-assembly mixture is indeed incorporated into the
particles but that no major structural reorganization are
present.
From the p(r) functions in Fig. 4, it is seen that all the par-
ticles have very similar Dmax values as well as having very
similar shapes of the p(r) functions. This confirms that the
formed structures are highly similar. The subtle cholesterol
dependence in the scattering data is also reflected in the p(r)
functions. From the similarity and distinct features of the
p(r) functions, it is evident that well defined and relatively
monodisperse particles are formed throughout the series.
This is even the case for the samples with 13.0% and
16.7% cholesterol where significant side fractions are
observed (and removed) by SEC.
SAXS data from ApoA1-Trunc-POPC-cholesterol particles
The SAXS data of the ApoA1-Trunc-based particles are
plotted in Fig. 5. From an initial visual inspection, the data
are strikingly similar to the ApoA1-based data. The same
type of oscillation and systematic cholesterol-dependent
change is observed, indicating again that the addedcholesterol
is incorporated into the particleswithout inducingmajor struc-
tural changes.A plateau in theGuinier region is also observed,
indicating that theApoA1-Trunc particles are, like theApoA1
particles, nonaggregated. The corresponding p(r) function
(Fig. 5, bottom) also exhibits the same cholesterol-dependent
changes around 15 A˚, 30 A˚, and 80 A˚ as was observed for the
ApoA1-based particles. When comparing to the SAXS data
from the ApoA1-based particles, it is clear that the particles
in the two systems are highly similar.Model fit results
General results
The proposed geometrical model (described in the Materials
and Methods section and illustrated in Fig. 1) was fitted to
the experimental SAXS data. Due to the need for a direct
comparison of the fits between the ApoA1/POPC/choles-
terol and ApoA1-Trunc/POPC/cholesterol particles, the
same model was used to fit both types of particles. Parame-
ters refined from the modeling are listed in Table 1 (68.3%
confidence intervals on all parameters are provided in Table
S2 in the Supporting Material). Based on the excellent fits,
the structure of both the ApoA1 and ApoA1-Trunc-based
particles is concluded to be overall disk shaped with an
axis ratio of ~1.4 and a longest axis of ~110–120 A˚ (see
Tables 1 and S3). The ApoA1-based disks systematically
incorporate more POPC and are slightly larger than the
ApoA1-Trunc-based disks (Tables 1 and S3). As expected,
the partial specific molecular volumes of the ApoA1Biophysical Journal 109(2) 308–318
FIGURE 5 Top: SAXS data from particles consisting of ApoA1-Trunc
protein, POPC, and increasing amounts of cholesterol. The colored points
are the data and the black lines the model fits. The individual data sets
are scaled for clarity. The two vertical lines are a visual help to see the
minima moving as a function of added cholesterol. Bottom: The corre-
sponding p(r) functions, revealing roughly the same dimensions for all
the particles. As in Fig. 4, an inset is shown demonstrating our confidence
in the refined values of Dmax.
TABLE 1 Results from the modeling of the SAXS data
(%) hr [A˚] hc (A˚) nl rx/ry rg (A˚)
ApoA1 0 28.9 0 169.9 1.41 2.56
ApoA1 2.4 29.1 0 189.0 1.54 4.31
ApoA1 4.8 29.3 0 187.8 1.55 4.28
ApoA1 7.0 29.8 0 167.2 1.43 4.46
ApoA1 9.1 30.0 0 162.8 1.42 4.98
ApoA1 13.0 30.4 0 161.3 1.50 6.09
ApoA1 16.7 30.9 0 155.5 1.35 3.09
ApoA1-Trunc 0 28.5 4.83 150.7 1.40 5.65
ApoA1-Trunc 2.4 23.4 12.5 139.4 1.31 4.51
ApoA1-Trunc 4.8 27.6 4.45 133.9 1.42 4.83
ApoA1-Trunc 7.0 24.1 10.1 134.7 1.32 9.81
ApoA1-Trunc 9.1 25.6 7.90 132.3 1.48 5.33
ApoA1-Trunc 13.0 22.4 13.5 131.2 1.42 5.00
ApoA1-Trunc 16.7 23.0 13.1 123.2 1.49 4.99
hr, total height of the hydrophobic bilayer at the rim of the protein belts; hc,
additional height of the hydrophobic bilayer at the center of the disk; nl,
number of lipids per disk; rx/ry, ratio between the axes of the bilayer patch;
rg, radius of gyration of one of the histidine tags of ApoA1-Trunc or the
globular domain of ApoA1.
314 Midtgaard et al.protein, ApoA1-Trunc protein and POPC do not change
upon incorporation of cholesterol (values listed in Table
S2). The overall structural features are also retained, as is
the radius of gyration, rg of the tag/N-terminal domain,
Dmax and axis ratio remains constant at ~1.4 even as more
and more cholesterol is incorporated. This indicates thatBiophysical Journal 109(2) 308–318the helical repeats of the ApoA1 amino acid sequence
commonly shared by ApoA1 and ApoA1-Trunc are respon-
sible for the overall shape and size of the formed discoidal
particles, and that these parameters do not react significantly
to the addition of cholesterol. Interestingly, the N-terminal
domain of ApoA1 gives rise to a radius of gyration, rg,
very similar to the histidine tag and TEV site N-terminal
sequence on the ApoA1-Trunc protein (3). Because the
N-terminal domain of ApoA1 has roughly twice the molar
mass of the His-TEV domain of the ApoA1-Trunc, this in-
dicates that the N-terminal domain of ApoA1 is either
very tightly folded on the perimeter of the disk or partici-
pates in the discoidal structure. It is in this context worth
noting that the ApoA1 N-terminal domain has been found
to have a structure of an amphipatic helix in the lipid free
crystal structure (14). This makes the latter explanation
more plausible.
Cholesterol-dependent changes
The incorporation of cholesterol does not alter the overall
structure of the disks, and the elliptical cross section and
its axis ratio remains constant at ~1.4 through the whole
range of cholesterol examined. However, the cholesterol
does cause some subtle but significant changes. First, lipids
are systematically displaced upon the addition of choles-
terol. The effect is observed both from the number of phos-
pholipids per disk from the SAXS analysis (the parameter nl
(see Table S2)) and the phosphate analysis (see Fig. 3). Sec-
ond, as more and more cholesterol is incorporated, the lipid
bilayer of both the ApoA1 and ApoA1-Trunc disks exhibit a
slight swelling. For the ApoA1-Trunc-based disks this re-
sults in an increasingly lens-shaped bilayer as more choles-
terol is incorporated. This is contrasted by the ApoA1 disks,
where the lens shape is not observed but instead the flat
bilayer that increases in overall thickness upon cholesterol
SAXS Studies of Human ApoA1 Particles 315incorporation. In both systems it is observed that the addi-
tion of cholesterol leads to an increase in the average area
per POPC headgroup (see Fig. 6).
Protein-dependent differences
Interestingly, the choice of belt protein plays a significant
role for how many phospholipid molecules that can be
incorporated and for how the packing of the lipid bilayer re-
sponds to the cholesterol uptake. The number of lipids per
disk is significantly higher for the ApoA1-based disks, as
evidenced by the phosphate analysis and SAXS indepen-
dently. Additionally, the lipid bilayer in the ApoA1-Trunc-
based disks is lens shaped. This is contrasted by the
ApoA1 protein, where the lipid bilayer is flat. These features
become increasingly distinct as more and more cholesterol
is added. The cholesterol-induced swelling appears to cause
an unfavorable strain in the lipid packing within the ApoA1-
Trunc disks. This increasing strain is clearly reflected in the
development of the average area per headgroup of the POPC
in the two different types of disks (see Fig. 6). Here, it is
observed that the average area per headgroup of POPC in-
creases from 66 A˚2 to 69 A˚2 in the ApoA1-based system,
although in the ApoA1-Trunc-based disks it increases
from 62 A˚2 to 73 A˚2. These observations should be seen
in relation to the value of ~62 A˚2 found for POPC in an un-
constrained lipid bilayer vesicle (46). Hence, although an in-
crease of the average area per headgroup of the POPC
molecules is observed in both the ApoA1 and ApoA1-Trunc
systems, the rate of the increase in the average area per
headgroup is much higher for the ApoA1-Trunc proteinFIGURE 6 Average area per headgroup of POPC in the ApoA1 (yellow-
red) and ApoA1-Trunc (blue-green) disks as a function of incorporated
cholesterol.than ApoA1. This is interesting as the two proteins only
differ by the presence of the N-terminal domain.DISCUSSION
Overall structural features
The SAXS analysis of ApoA1- and ApoA1-Trunc-based
particles is consistent with the formation of elliptical disk-
shaped particles with an axis ratio of ~1.4 and a longest
axis of 110–120 A˚ including the N-terminal domains. This
corresponds well with the majority of previous reports
(2–4,43). Notably, this generally accepted structure is
different from the double superhelix structure suggested
by Hazen et al. in a string of publications initiated in 2009
(24–26). Based on the detail of our modeling and the high
quality of our data, we are confident in the elliptical discoi-
dal structure of the particles with the proteins situated on the
perimeter of the disk. The overall structure of the disks is
found not to change significantly between ApoA1-Trunc
to ApoA1. This suggests that the part of the protein dictating
the shape, size, and ellipticity is indeed the 10 amphipatic
helical repeats of ApoA1, also contained in the ApoA1-
Trunc protein. ApoA1 has previously been reported to be
able to assemble into five different sized particles (42).
From the high quality SAXS data and the prominent fea-
tures of the raw data, we are confident that we have managed
to isolate and study only one of these potential five particle
species.Cholesterol-based structural changes
By SEC, it is found that high amounts of cholesterol cause
structural changes and formation of larger particles in the
samples based on ApoA1-Trunc. The SAXS data and phos-
phate analysis reveal that it is nevertheless possible to isolate
a fraction with discoidal particles that follows the general
trend seen in the less cholesterol-rich ApoA1-Trunc-based
samples. Both the SAXS and phosphate analysis show that
incorporation of cholesterol leads to a displacement of lipids
and to an increase in the average area per headgroup of the
POPC molecules. These changes, in turn, are found to cause
subtle structural changes in the lipid bilayer structure of the
disks, making the ApoA1-Trunc lipid bilayer lens shaped,
whereas the ApoA1 lipid bilayer swells in a way that allows
for retaining a flat shape (see Fig. 7).Role of the N-terminal domain of ApoA1
It was initially found by SEC that the N-terminal domain
promotes the self-assembly of a single species at a high
percent of cholesterol (Fig. 2). Without cholesterol, removal
of the N-terminal domain apparently aids in destabilizing
the other formed particle species as evidenced by the disap-
pearance of the 11.5 ml shoulder peak seen on the ApoA1Biophysical Journal 109(2) 308–318
FIGURE 7 Illustration of the cholesterol-based changes occurring in the ApoA1 and ApoA1-Trunc-based disks (not to scale). As more cholesterol is
added, the overall shape and size of the cross section of the disk remains constant, whereas the lipid bilayer core swells differently depending on whether
the N-terminal domain of ApoA1 is present or not.
316 Midtgaard et al.SEC chromatogram (Fig. 2, top). The phosphate analysis-
based determination of the number of phospholipids present
in the disks reveals that the N-terminal part of ApoA1 en-
ables the formed disks to incorporate significantly more
phospholipids (Fig. 3). This is done while retaining the
same overall discoidal structure as the ApoA1-Trunc-based
disks. The overall flat swelling of the bilayer in the ApoA1
disks compared to the lens-shaped swelling in the ApoA1-
Trunc disks (illustrated in Fig. 7), as found from the
SAXS analysis correlates with the presence of the N-termi-
nal domain. When held together with the fact that we
observe no signs that the N-terminal domain should be pre-
sent on the perimeter of the disk as a globular domain, this
suggests that the N-terminal domain participates directly in
the structure, possibly in a belt fashion as have also been
indicated by other studies (48–51) employing a range of
experimental and computational techniques. It has also pre-
viously been found that the N-terminal domain alone may
associate with lipids (52). These observations correspond
well with our findings. Therefore, although the overall ellip-
tical discoidal structure is primarily governed by the 10 he-
lical repeat domains common for ApoA1 and ApoA1-Trunc,
the ApoA1 N-terminal domain is likely then to interact with
the lipid core and provide further stabilization of the discoi-
dal structure at the highest cholesterol contents. This inter-
pretation is further justified by the average area per POPC
headgroup as a function of cholesterol (Fig. 6), which
behaves very differently in the two systems. The average
area per headgroup of POPC in the ApoA1 disks only
comparatively increases a little upon addition of cholesterol
compared to what is seen in the ApoA1-Trunc-based disks.
This again shows that the N-terminal domain interacts with
the bilayer in the disk and indicates that the N-terminal
domain gives the ApoA1 disks the ability to have a moreBiophysical Journal 109(2) 308–318relaxed bilayer even with large amounts of cholesterol pre-
sent. In the same way, the very high values for the average
areas per headgroup for the ApoA1-Trunc disks at high
cholesterol content, might destabilize these disks due to
the energetically unfavorable lipid state (53). This again cor-
responds very well with the observed destabilization of the
ApoA1-Trunc disks at high cholesterol content observed in
the SEC experiments. As a consequence of this, we find no
evidence supporting the hypothesis that the N-terminal
forms a globular structure on the perimeter of the disk.
Hence, the general referral of the N-terminal part of
ApoA1 as the globular domain is misleading in the light
of the findings presented in this study. However, our data
do suggest that the N-terminal play an indirect, but never-
theless central role in stabilizing the discoidal structure at
high cholesterol contents.CONCLUSIONS
The structure of ApoA1-POPC-cholesterol particles has
been investigated upon incorporation of increasing amounts
of cholesterol using a combination of SEC, phosphate anal-
ysis, and SAXS. In particular, the role of the N-terminal
domain of the ApoA1 protein has been investigated through
a comparative study of ApoA1 and ApoA1-Trunc-based
particles. Our findings confirm the generally accepted belt
arrangement of the ApoA1 protein around the lipid core.
We find that the lipid core of both ApoA1 and ApoA1-Trunc
have an elliptical disk shape. Specifically, we do not find any
evidence that the N-terminal domain should possess a glob-
ular structure and be located on the perimeter of the disk.
Rather our data suggest that it participates in the stabiliza-
tion of the discoidal structure, in particular at high choles-
terol contents.
SAXS Studies of Human ApoA1 Particles 317A more complex double superhelix model was recently
proposed by Hazen et al. (24–26). However, as the model
presented in this work is both more simple, in better accor-
dance with molecular packing parameters, corresponds with
simple energetic considerations, and consistent with the
findings of the very similar nanodisc system, we find that
the structure of the ApoA1-POPC-cholesterol disks pro-
posed in this work to be better justified than that of the
double superhelix model.
The finding that the central bilayer in the ApoA1-based
disks system can accommodate more lipids than the
ApoA1-Trunc protein hints toward a better packing of
the lipids and a less strained bilayer in the native disks.
As the ApoA1-Trunc-based disks are widely used for
incorporating and stabilizing membrane proteins (17,31),
the observation of a less strained bilayer in the ApoA1-
based disks suggests that ApoA1-based disks might in
fact be a better choice for incorporation of a membrane
protein. In particular, if more biologically relevant choles-
terol-containing lipid bilayers are to be applied. The feasi-
bility of incorporation of a membrane proteins into native
ApoA1-based disks was actually demonstrated 15 years
ago (54), but seems to have been replaced by the use of
the MSP family of proteins (12,43). In light of the more
relaxed lipid core found in the ApoA1, this is a subject
worth revisiting.
Interestingly, the same overall 22 amino acids, proline
punctuated, amphipatic helical repeat pattern found in
the ApoA1 protein is also found to be contained within
several other human lipoproteins. It is very pronounced
in ApoE with eight repeats and in ApoA4 with 13 repeats.
Sequences reminiscent of these repeats are also found
in ApoA2 and ApoA5. Although these proteins have
been studied for many decades, direct structural insight
into their lipid-associated structure is still lacking, likely
as a function of the challenge of crystallizing these
proteins when in complex with lipids. Studying the
structure of these proteins in complex with lipids and
cholesterol by solution-based small-angle scattering and
employing the rigorous modeling routine used in this
study might shed new light on this very important class
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